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MEASUREMENT OF EXTERNAL FORCES AND TORQUES ON A JARGE POINTING SYSTEM 

ABSTRACT 

Methods of measuring e x t e r n a l  f o r c e s  and torques  are d i s c u s s e d ,  i n  g e n e r a l  and 
as a p p l i e d  t o  t h e  Large P o i n t i n g  System (LPS) wind tunnel  t e s t s .  

The LPS tes ts  were i n  two phases .  The f i r s t  t e s t  w a s  a p r e l i m i n a r y  tes t  of t h r e e  
models r e p r e s e n t i n g  c o e l o s t a t ,  h e l i o s t a t ,  and on-gimbal t e l e s c o p e  c o n f i g u r a t i o n s .  
The second t e s t  explored t h e  c o e l o s t a t  c o n f i g u r a t i o n  i n  more d e t a i l .  
t es t  used a d i f f e r e n t  s e t u p  f o r  measuring e x t e r n a l  l o a d s .  

The second 

Some r e s u l t s  a r e  given from both tes ts .  

GENERAL 

T h i s  paper  i s  concerned w i t h  what can b e  done t o  measure e x t e r n a l  aerodynamic f o r c e s  
and moments during a wind t u n n e l  t e s t  of a n  a i r b o r n e  t e l e s c o p e  system. It i s  assumed 
t h a t  t h e  primary tes t  o b j e c t i v e  i s  h igh  response  measurements w i t h i n  t h e  t e l e s c o p e .  

It would c l e a r l y  be d e s i r a b l e  t o  measure b o t h  s t a t i c  and dynamic l o a d s ,  b u t  dynamic 
response of the model t o  tunnel  v i b r a t i o n  and flow f l u c t u a t i o n s  w i l l  tend t o  swamp 
r e a d i n g s .  
t h e  model-balance frequency,  which tends  t o  b e  low. 

motion,  and with c a r e f u l  a n a l y s i s  of  t h e  d a t a ,  i t  would b e  p o s s i b l e  t o  o b t a i n  
u s e f u l  information,  b u t  success  would n o t  b e  a s s u r e d  t h e  f i r s t  t r y .  
r e q u i r e  a dedicated t e s t ,  as t h e  weight, f r i c t i o n  , and damping of p r e s s u r e  t u b e s ,  
t r a n s d u c e r s ,  and c a b l e s  would b e  i n t o l e r a b l e .  

It i s  very  d i f f i c u l t  t o  p i c k  o u t  w h a t ' s  happening a t  f r e q u e n c i e s  above 

. s t a t i c a l l y  balanced c o n s t r u c t i o n ,  perhaps w i t h  i s o l a t i o n  mounts t o  a t t e n u a t e  b a s e  
By c a r e f u l ,  l i g h t  w e i g h t ,  

This  would 

For t h e s e  reasons,  on ly  s ta t ic  e x t e r n a l  l o a d s  should b e  cons idered  i n  a t e s t  of  
t h i s  t y p e .  

With t h i s  r e s t r i c t i o n ,  t h e  fo l lowing  p o i n t s  should b e  k e p t  i n  mind dur ing  tes t  
p lanning .  

o P r i o r i t y :  It i s  a s s u r e d  t h a t  e x t e r n a l  l o a d s  w i l l  b e  only  p a r t  of 
the t o t a l  d a t a  t o  b e  ga thered  dur ing  t h e  t es t ,  b u t  what i s  t h e  
r e l a t i v e  importance? 
l o a d s  d a t a  are n o t  usable?  

W i l l  t h e  t es t  b e  a f a i l u r e  i f  t h e  e x t e r n a l  

0 -  Cost: How much budget i s  a v a i l a b l e  f o r  s p e c i a l  i n s t r u m e n t a t i o n  
o r  p r e c i s i o n  model work? 

o Schedule: How much t i m e  i s  a v a i l a b l e ?  Schedule  and c o s t  con- 
s i d e r a t i o n s  make t h e  u s e  of e x i s t i n g ,  checked-out i n s t r u m e n t a t i o n  
v e r y  d e i s r a b l e .  
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Resolut ion:  W i l l  t h e  s e l e c t e d  set-up be a b l e  t o  sepa ra t e  the 
wheat from the  cha f f?  

Load Capacity:  The loads  w i l l  o f t e n  be a c t i n g  some d i s t a n c e  
from t h e  geometric c e n t e r  of t h e  balance,  so  the  e f f e c t i v e  f o r c e  
c a p a c i t y  of t h e  balance may be much smaller than i t s  nominal 
va lue .  I f  t h e  balance i s  g r e a t l y  over-s t rength the  r e s o l u t i o n  
w i l l  s u f f e r ,  b u t  d e f l e c t i o n s  w i l l  be  smaller. 

Def lec t ion :  
d i f f i c u l t  t o  c a l c u l a t e ,  and a re  almost i n v a r i a b l y  underest imated.  
Even where empi r i ca l  d a t a  a r e  available on ba lance  d e f l e c t i o n s ,  
t h e  compliance of the  va r ious  j o i n t s  involved prevents  an  a c c u r a t e  
es t i m a  t e .  

Balance and support  system d e f l e c t i o n s  are very 

Dynamics: Where t h e r e  i s  d e f l e c t i o n  and t h e r e  i s  mass (and l a r g e  
t e l e scope  models tend t o  be heavy) the model-balance system w i l l  
have a tendency t o  o s c i l l a t e .  I f  t he re  i s  enough component of 
t h e  aerodynamic load a t  o r  below t h e  model-balance resonant  f r e -  
quencies ,  o s c i l l a t i o n s  w i l l  develop which w i l l  i nc rease  the  t o t a l  
d e f l e c t i o n .  

Space Avai lable:  
a v a i l a b l e  f o r  t h e  balance may have a s t rong  in f luence  on t h e  
des ign .  

The volume and loca t ion  of  the  space t h a t  i s  

Two Examples 

Keeping t h e s e  gu ide l ines  i n  mind, h e r e  are a p a i r  of examples of a t  least  
p a r t i a l l y  successfu l  a t tempts  t o  measure e x t e r n a l  l oads  on te lescope  systems 
i n  the  Ames 14 f o o t  t r anson ic  wind tunnel.  

Large Po in t ing  System Phase I Tests 

Both tes ts  were conducted during t h e  Large Poin t ing  System (LPS) 
s tudy.  The f i r s t  tes t  w a s  an  exploratory one t o  o b t a i n  pre l iminary  
d a t a  on t h r e e  q u i t e  d i f f e r e n t  po in t ing  system concepts .  The f i r s t  
model, shown i n  Figure 1, was a c o e l o s t a t  system. It had a f ixed  
h o r i z o n t a l  t e lescope  and used two mir rors  arranged l i k e  a per i scope  
i n  a l a r g e  sphere t o  d i r e c t  t h e  beam. The ou te r  gimbal was r o t a t i o n  
of t he  sphere about t h e  t e l e scope  c e n t e r l i n e ;  t h e  inner  w a s  r o t a t i o n  
of about  one t h i r d  of t h e  sphere r e l a t i v e  t o  t h e  rest .  Only a t h i r d  
of t h e  sphere w a s  exposed t o  t h e  a i r  flow. 

The second model, shown i n  Figure 2 ,  was a h e l i o s t a t  system, a l s o  
wi th  a f i x e d  h o r i z o n t a l  t e l e scope  bu t  with only  one mi r ro r  mounted 
i n  a h o r i z o n t a l  drum t o  p o i n t  t he  beam. The o u t e r  gimbal i s  
r o t a t i o n  of t h e  drum about t h e  te lescope c e n t e r l i n e  and the  inner  
gimbal i s  r o t a t i o n  of the mir ro r  about an  a x i s  perpendicular  t o  the  
drum a x i s .  This  had very  low aerodynamic drag bu t  a somewhat l imi t ed  
f i e l d  of view. 
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The t h i r d  model, shown i n  F igure  3 ,  w a s  an  on-gimbal t e l e scope  
resembling the  system used on t h e  Airborne Laser Laboratory.  
The e n t i r e  t e l e scope  was r o t a t e d  i n  azimuth and e l eva t ion .  

A l l  t h r e e  models used a common support  s t r u c t u r e  and boundary 
l a y e r  s p l i t t e r  p l a t e .  Because the tunnel  cons t ruc t ion  pre-  
cluded removing l a r g e  p o r t i o n s  of the tunnel  walls,  t h e  e n t i r e  
l a r g e  sphere of t h e  f i r s t  model had t o  be i n s i d e  the  tunnel .  
Th i s  w a s  done by r a i s i n g  the  boundary l a y e r  s p l i t t e r  p l a t e  and 
having a l a r g e  f a i r i n g  underneath.  The o t h e r  two models used 
t h e  same arrangement b u t  wi th  the  s p l i t t e r  p l a t e  lowered t o  
reduce the  t o t a l  f r o n t a l  area of the model and support  assembly. 

Th i s  would have been an  i d e a l  a p p l i c a t i o n  f o r  a n  o ld  fashioned 
e x t e r n a l  balance found under t h e  f loo r  of most l a r g e  low speed 
t u n n e l s ,  b u t  t h e  14 f o o t  t r anson ic  tunnel  d id  no t  have one. 
a s u b s t i t u t e ,  t h e  l a r g e s t  s t i n g  balance a v a i l a b l e  (a 4 inch  
Task balance)  w a s  mounted i n  a s t e e l  p la t form j u s t  above the  
f l o o r  and supported by a s t u b  s t i n g  a t t ached  t o  the  tunnel  f l o o r .  
In each case t h e  e n t i r e  t e l e scope  system w a s  mounted t o  t h e  
metric p la t form t o  avoid t h e  problem of a t tempt ing  t o  s e p a r a t e  
metric and non-metric po r t ions  of the o p t i c a l  system. 

A s  

Th i s  w a s  a s a t i s f a c t o r y  arrangement except  f o r  one very important 
r e spec t :  d e f l e c t i o n .  Both t h e  c o e l s t a t  and the  on-gimbal t e l e -  
scope models developed enough l i f t  t o  r ise  i n t o  the  f l o o r  p l a t e  
and a f t  f a i r i n g ,  both s t a t i c a l l y  and dynamically.  By gr inding  
extra c l ea rance  and shimming t h e  s t i n g l f l o o r  i n t e r f a c e ,  t h e  coelo-  
s ta t  model could be t e s t e d ,  bu t  t h e  e x t r a  drag and h igher  load 
c e n t e r  of t he  on-gimbal t e l e scope  caused such l a r g e  d e f l e c t i o n s  
t h a t  t h e  me t r i c  p la t form had t o  be bol ted  t o  t h e  f l o o r  t o  complete 
t h e  t es t  program. N o  problems were encountered wi th  t h e  h e l i o s t a t  
because of t he  much lower load  l eve l .  

In conclus ion ,  t h i s  load  measurement scheme provided d a t a  which 
w a s  u s e f u l  i n  the  LPS s tudy ,  even though i t  was never analyzed 
sys t ema t i ca l ly .  Data f o r  t h e  c o e l o s t a t  and on-gimbal t e l e scope  
are d e f i n i t e l y  contaminated by unknown magnitudes of con tac t ,  o r  
f o u l i n g ,  between the  metric and nonmetric p o r t i o n s  of t h e  model, 
b u t  t h e r e  i s  no doubt t h a t  t he  measured va lues  a r e  approximately 
c o r r e c t  and good enough f o r  s i z i n g  s t r u c t u r e .  
problems slowed down the  t e s t  program b u t  d i d  n o t  prevent  i t  from 
being completed. 

The d e f l e c t i o n  

Large  Po in t ing  System Phase I1 Tests 

A f t e r  t h e  phase 1 tests a s tudy was made us ing  t h e  phase I d a t a  
t o  select one conf igu ra t ion  f o r  more d e t a i l e d  s tudy.  The con- 
f i g u r a t i o n  s e l e c t e d  was a modif icat ion of  t he  c o e l o s t a t ,  adding 
a l i m i t e d  t r a v e l  of t h e  upper turning mi r ro r  t o  improve high 
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frequency response.  This  d id  n o t  change the  model, except t h a t  
i t  was now c a l l e d  a c o e l o s t a t / h e l i o s t a t ,  and what w a s  inner  
gimbal on the  c o e l o s t a t  became middle gimbal on t h e  c o e l o s t a t /  
h e l i o s t a t .  

During the  roughly 9 months between t h e  two tests a n  important 
change w a s  made t o  t h e  14 f o o t  tunnel ,  however. A l a r g e  ba lance  
was i n s t a l l e d  below the  f l o o r  f o r  t e s t i n g  semispan models. Th i s  
w a s  n o t  p e r f e c t l y  s u i t e d  f o r  t h e  LPS tes t  because i t  w a s  only 5 
component ( l i f t  force ,  which would b e  s i d e  f o r c e  on a semispan 
model, was l e f t  ou t )  b u t  it was q u i t e  r i g i d  and had ample load 
c a p a c i t y .  
which br idged t h e  space between the balance and the  metric p l a t -  
form of t h e  model. This  i s  shown in  F igure  4. 

A simple l i f t  l i n k  was incorporated i n  t h e  adaptor  

Severa l  photographs of t h e  phase I1 model dur ing  i n s t a l l a t i o n  
are  shown i n  F igure  5.  This  i s  typ ica l  of phase I, a l s o .  F igure  6 
shows several of t h e  conf igu ra t ion  changes; t h e  e x t e r n a l  wind screens  
(ENS) t e s t e d  i n  phase I were s imi l a r  t o  the  phase I1 screens  p i c tu red  
he re .  

The new ba lance  arrangement e l iminated t h e  d e f l e c t i o n  problems t h a t  
had plagued t h e  phase I tests. 
than d e s i r e d  ze ro  s h i f t s ,  bu t  t hese  were no t  l a r g e  enough t o  render  
t h e  d a t a  u s e l e s s .  Af t e r  the  t es t ,  NASA cha rac t e r i zed  t h e  zero  s h i f t  
problem as temperature r e l a t e d ,  bu t  i t  w a s  probably exacerbated by 
t h e  newness of t he  balance and i n s t a l l a t i o n  and the  r e l a t i v e l y  low 
l e v e l  of t h e  loads  being measured. 

The r e s u l t s  were marred by g r e a t e r  

TEST RESULTS 

I n  t h e  fol lowing pages some sample r e s u l t s  a r e  given.  I n  each case t h e  r e fe rence  
area and l eng th  are the  c ros sec t ion  area and diameter ,  r e s p e c t i v e l y ,  of t h e  sphere 
o r  t h e  c y l i n d r i c a l  p o r t i o n  of t h e  housing t h a t  i s  exposed t o  the  airstream. Moments 
re ferenced  about  t h e  i n t e r s e c t i o n  of the  outer and inne r  (middle,  f o r  phase 11) 
gimbal axes. 

I n  a l l  t h e  p l o t s  which fol low Delta 1 i s  the inne r  (or middle f o r  phase 11) gimbal 
d e f l e c t i o n ,  and Delta 2 i s  t h e  ou te r  gimbal d e f l e c t i o n .  

F igures  7 and 8 are f o r c e  and moment d a t a ,  r e spec t ive ly ,  f o r  t h e  on-gimbal t e l e scope  
model, showing t h e  e f f e c t  of a one inch high 45 percen t  p o r o s i t y  wind screen .  The 
apparent  r educ t ion  i n  drag due t o  the  screen i s  probably due t o  small changes i n  
t h e  non-metric f a i r i n g ;  t h e  e f f e c t  of t he  screen on yawing moment looks reasonable .  

F igures  9 and 10  are  f o r c e  and moment d a t a  for  t h e  h e l i o s t a t  model, showing t h e  
e f f e c t  of 1 inch  and 1.8 inch high wind screens a t  Mach .7. Figures  11 and 12 are 
similar d a t a  a t  Mach .85. The fo rces  and moments a re  p r e d i c t a b l y  s m a l l ,  wi th  the 
acreens  showing c l e a r l y  on drag.  

~ 

591 



U 
m 
r( 
rl 
m 
U 

a 

H 
H 

a, 

.. 

592 



5 9 3  

1 

. 
c 
0 
.rl 
+I 
ra 
rl 
rl 
rp 
U 
v) 

c 
H 

H 
H 

c a m 



594 

W 
W 

E 
nt c 
PI 
rcI 
0 
v1 c a m 
k 
M 
0 u 
0 c 
PI 

a 
a, 
k 
3 
M 



m 
N 



Figure 8 .  ............................................................................................................. 

....................... i M O.M EN T. .. ..OR T ............................ , ................... 
. .  

................................................................... ......................................................... 

................... ......... ......... ........ I i : 

................................... ................................. ...................... ..................... 

......................... ................................ ...................................................... 

596 



597 



598 

1 



F i g u r e s  13 and 14 show f o r c e  and moment da ta  f o r  t h e  phase I c o e l o s t a t  model, 
showing t h e  e f f e c t  of a 1 inch high screen  a t  Mach numbers of  .7 and .85. 
F igure  15 i s  t h e  moment about  t h e  i n n e r  gimbal axis. 

The second phase was conducted w i t h  t h e  c o e l o s t a t  model from phase I, modif ied 
n o t  on ly  w i t h  r e s p e c t  t o  e x t e r n a l  to rque  measurement, b u t  a l s o  w i t h  remote 
c o n t r o l  added t o  t h e  i n n e r  gimbal r o t a t i o n  - which became t h e  middle gimbal because 
a n a l y s i s  showed t h a t  small motions of t h e  upper t u r n i n g  m i r r o r  were d e s i r a b l e .  
T h i s  change from c o e l o s t a t  t o  c o e l o s t a t - h e l i o s t a t  was only  a matter o f  nomenclature 
as f a r  as  t h e  model was concerned, because the a n g u l a r  d e f l e c t i o n  of t h e  new i n n e r  
gimbal w a s  too  small t o  b e  of s i g n i f i c a n c e  aerodynamically.  

The a d d i t i o n  of remote c o n t r o l  t o  t h e  middle gimbal allowed much more d a t a  t o  b e  
taken per  tunnel  hour ,  and a l s o  allowed t h e  change t o  middle  gimbal a n g l e  as t h e  
parameter v a r i e d  dur ing  each run .  T h i s  change prevents  comparing runs d i r e c t l y ,  bu t  
t h e r e  w a s  ample coverage of t h e  same a n g l e s  t o  a l low some comparisons t o  be made. 

F igures  1 6 ,  1 7 ,  and 18 show f o r c e ,  moment, and middle  gimbal moment f o r  t h e  phase I1 
model w i t h  v a r i o u s  screen  h e i g h t s  a t  a n  outer  gimbal a n g l e  of -90 degrees  (with t h e  
middle  gimbal axis v e r t i c a l )  and Figures  19,  20, and 21 show t h e  same d a t a  a t  a n  
o u t e r  gimbal a n g l e  of z e r o  (middle gimbal a x i s  h o r i z o n t a l ) .  Some i d e a  of t h e  magni- 
tude  of t h e  z e r o  s h i f t s  can b e  obta ined  from the f a c t  t h a t  s i d e  f o r c e ,  yawing moment, 
r o l l i n g  moment, and middle gimbal moment should a l l  b e  z e r o  (except  f o r  c o n f i g u r a t i o n  
10, which h a s  a n  asyrmnetric sc reen)  a t  Del ta  2 = 90 degrees  and Delta 1 = -90 degrees  

F i g u r e s  22, 23, and 24 show one c o n f i g u r a t i o n  t e s t e d  a t  Mach numbers ranging from 
0.3 t o  0.92. The d a t a  f o r  Mach 0.3 and 0.5 look p a r t i c u l a r l y  e r ra t ic ,  sugges t ing  
t h a t  t h e  ba lance  i s  too b i g  t o  measure small l o a d s  a c c u r a t e l y .  

I n  conclus ion ,  t h e  ba lance  se tup  used f o r  phase I1 w a s  much more s a t i s f a c t o r y  
because i t  allowed t h e  primary tes t  o b j e c t i v e s  t o  be m e t  wi thout  d e l a y s  caused 
by excess ive  d e f l e c t i o n s ,  b u t  much c r o s s p l o t t i n g  and s h i f t i n g  would b e  requi red  
t o  u s e  t h e  d a t a  f o r  o t h e r  than  approximate loads  e s t i m a t i o n .  
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